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PREFACE
“The beginning is the most important part of the work.”
Plato, The Republic. Book II. 377.
This PhD thesis consists of a collection of papers that are published, in press or under review with international
peer-reviewed journals appropriate to the discipline of geology. The publications form part of an integrated project
and are presented in an order that represents the related elements of a connected thesis. The thesis contains an
introductory section that provides an outline of the thesis, a summary of the contribution of the work to the field of
geology and a critical evaluation of the role of the thesis in informing further research in the field. Common themes
in the papers are tied together and a discussion and conclusion of the whole thesis is presented at the end. No animal
or ethical approvals were needed during the completion of this study, however, permits were obtained each year
from the New Zealand Department of Land Conservation for permission to visit and sample localities in the Fiordland
National Park. Data and interpretations in the thesis are the work of the author except where stated in the text.
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ABSTRACT
Fiordland is located in the southwest of the South Island of New Zealand. The field area of this thesis is in northern
Fiordland, at the boundary of pristine arc rocks (Median Tectonic Zone) and a belt of Paleozoic paragneisses and
orthogneisses of variable age that represent the metamorphosed paleo-Pacific Gondwana margin (Western Province
of New Zealand). The region exposes the lower crustal root (depths > 45 km) of a doubly thickened Mesozoic
magmatic arc that now forms one of Earth’s youngest extensive high-P granulite facies belts (P ≈ 14 kbar). An Early
Cretaceous batholith, the Western Fiordland Orthogneiss, stitches the pristine Mesozoic arc rocks with rocks of the
Gondwana margin and comprises approximately 85% of the exposed high-P rocks. The remaining high-P rocks are
made up from Paleozoic paragneiss and orthogneiss units of the Western Province and the Arthur River Complex, a
belt of mafic orthogneisses of uncertain age. This thesis examines the interplay between magmatic, structural and
metamorphic processes that produced the high-P granulites and contains two main themes: (A) the structural and
metamorphic history of the Arthur River Complex and (B) contact relationships of the Western Fiordland Orthogneiss
batholith.
The Arthur River Complex is a belt of granulite facies orthogneiss that includes dioritic and trondhjemitic gneisses
of the Harrison Gneiss and gabbroic gneisses of the Pembroke Granulite and Milford Gneiss. The Anita Shear Zone
forms the northwestern boundary of the Arthur River Complex; rocks of the Western Province lie northwest of the
shear zone. The earliest structure in the Arthur River Complex is a moderately well developed, steeply dipping
foliation (S1) that strikes east. It is defined by two-pyroxene-hornblende granulite facies assemblages that reflect
metamorphic conditions of P < 8 kbar and T > 750 oC. S1 is cut by a rectilinear network of fractures (D2) that may
or may not be filled with garnet-bearing trondhjemitic veins. Parallel and adjacent to the D2 fractures and veins, in
a zone a few centimetres wide, S1 mineral assemblages are statically pseudomorphed by garnet granulite assemblages
involving garnet, clinopyroxene and rutile. These ‘garnet reaction zones’ formed at P ≈ 14 kbar and T = 750-850 oC
and reflect Early Cretaceous burial of the arc. The garnet reaction zones formed in gabbroic gneiss in response to
migrating melts sourced from the partial melting of dioritic rocks, most probably also of the Arthur River Complex.
The migrating melts are inferred to have been water under saturated and scavenged water from the gabbroic gneiss
to form a dehydration (or garnet reaction) zone adjacent to the conduits. The transition from two-pyroxene-hornblende
granulite facies assemblages to garnet granulite facies assemblages in the garnet reaction zones was essentially
isochemical.
The garnet reaction zones are cut by a series of steeply dipping, approximately 1m wide dominantly sinistral shear
zones (D3). Quantitative kinematic analyses, conducted using systems of rotated garnet reaction zones, indicate a
kinematic vorticity number (W
k
) = 0.69, suggesting that the D3 shear zones developed in a pure-shear dominated
flow regime (W
k
 < 0.75). The narrow D3 shear zones are cut by gently dipping ductile thrust faults in the Pembroke
Granulite and by a steeply dipping foliation (S4) throughout the rest of the Arthur River Complex. S4 involves
garnet-clinopyroxene-bearing and paragonite-kyanite-phengite-bearing assemblages that developed during high-P
cooling (of the order of T ≈ 200 oC), at the root of the doubly thickened arc. The Anita Shear Zone cuts S4 and
developed during two stages of distinctive amphibolite facies mylonitic deformation that evolved from conditions
of P ≈ 12 kbar, T ≈ 600 oC to P ≈ 9 kbar, T ≈ 600 oC. Quantitative kinematic analyses, using systems of tails on
rotated plagioclase porphyroclasts within the shear zone, indicate that the first phase of deformation involved simple-
shear-dominated (W
k
 > 0.75) ductile normal faulting (W
k
 = 0.84) and crustal thinning that led to some decompression
and exhumation of the high-P rocks. The second phase of deformation involved mid-crustal dextral pure-shear-
dominated transpression (W
k
 = 0.54).
The 116-126 Ma Western Fiordland Orthogneiss intrudes the Arthur River Complex at Mt Daniel and Paleozoic
paragneiss units at George Sound, 19 and 45 km southwest of Milford Sound respectively. Both evidence extensive
partial melting of the country rocks. At Mt Daniel, melt-depleted garnet-clinopyroxene hornfelsic pods are enveloped
by hornblende-clinozoisite gneiss. Dehydration, adjacent and parallel to fractures and veins led to the development
of symplectic intergrowths of clinopyroxene and kyanite, a high-P symplectite assemblage described here for the
first time. Diatexites are extensively developed at George Sound in the areole of the Western Fiordland Orthogneiss
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and metamorphic assemblages within the diatexites show that this batholith was emplaced at middle to lower
crustal conditions (P = 7-9 kbar). An originally intrusive contact at Caswell Sound, 65 km southwest of Milford
Sound, is cut by gently west-dipping ductile thrust faults that form part of a 15 km-wide, two-sided fold-thrust belt.
It preserves evidence for the thrusting of Paleozoic units over the Western Fiordland Orthogneiss and represents the
first structural evidence for tectonic loading in the Western Province. The two-sided fold thrust belt suggests that the
high-P granulite facies conditions were attained following tectonic loading of the arc via the imbrication of thrust
sheets.
The structural and metamorphic evolution of northern Fiordland involved emplacement of the 116-126 Ma Western
Fiordland Orthogneiss batholith at middle to lower crustal conditions, possibly at the root of an arc of normal
thickness (20-25 km). Garnet granulite coronas on enstatite and hornblende, in garnet reaction zones, indicate that
the terrain was buried by approximately 25 km of crust after emplacement. The two-sided fold-thrust belt at Caswell
Sound suggest that loading was accomplished via the tectonic imbrication of thrust sheets, possibly during accretion
of the arc to the paleo-Pacific margin of Gondwana. Continued convergence developed high-P pure-shear-dominated
shear zones and ductile thrust faults in the Pembroke Granulite. Pronounced high-P cooling of the doubly thickened
root of the arc occurred during D4, possibly in response to the tectonic burial and underthrusting of the relatively
cold crust of the c. 142-137 Ma Darran Complex. The 116-126 Ma Western Fiordland Orthogneiss intrudes the
Arthur River Complex 19 km southwest of Milford Sound. The Anita Shear Zone developed at high-P (P ≈ 12 kbar)
and initiated the exhumation of the high-P rocks. Final uplift to the surface is most probably the result of late-
Tertiary motion on the Alpine Fault.
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Scope of the thesis
One of the fundamental themes in structural and
metamorphic geology is to develop tectonic models
that account for the observations we make in rocks.
Implicit in this is the measurement of structures,
characterisation of deformation styles, observation of
mineral textural relationships, and the quantification
of the metamorphic conditions at which they developed.
Critical relationships were examined within the Arthur
River Complex at:
(1) Pembroke Valley to examine the early history of
the Arthur River Complex; (2) Lake Pukutahi and
Milford Sound to examine the late history of the Arthur
River Complex; (3) Poison Bay to examine the Anita
Shear Zone which juxtaposes the Arthur River Complex
with Paleozoic paragneiss units of the Western
Province. Papers I-V each describe aspects of the
structural and metamorphic evolution of the Arthur
River Complex in northern Fiordland, New Zealand.
Each paper presents parts of a tectonic story that are
integrated in this thesis.
Structural and metamorphic relationships in the
margins of the Western Fiordland Orthogneiss batholith
were examined to compare and contrast the tectonic
evolution of this body with that detailed for the Arthur
River Complex. The definition of the Caswell Sound
fold-thrust belt (Paper VI) represents the first structural
evidence of Cretaceous tectonic thickening in western
Fiordland. Clinopyroxene-kyanite symplectites in the
contact aureole of the Western Fiordland Orthogneiss
at Mt Daniel (Paper VII) are a high-P symplectite
assemblage that is described here for the first time.
Papers II, IV and VII use an element mapping
technique, which involves the matrix correction of
maps of X-ray intensities collected using an electron
microprobe, that was developed as part of this thesis
(Paper VIII). This new technique has proven very useful
in studying fine-grained symplectic intergrowths that
are difficult or impossible to examine using only an
optical microscope.
Introduction
Fiordland is located in the southwest of the South Island
of New Zealand and incorporates rocks from the eastern
and western Provinces, and the Median Tectonic Zone,
a Mesozoic arc batholith. The region exposes the lower
crustal root (depths > 45 km) of a doubly thickened
Mesozoic magmatic arc that experienced high-P
granulite facies metamorphism (P ≈ 14 kbar) during
the Early Cretaceous. Interpretations of the tectonic
environment into which the high-P granulite facies rocks
were emplaced and the tectonic processes that affected
them are controversial. Much of this controversy arises
from conflicting interpretations of the origin, age and
significance of rock structures and a wide variety of
metamorphic assemblages within western Fiordland.
The major sources of discord among workers in
Fiordland concerns the age of metamorphic
assemblages, emplacement level of the arc rocks, and
the tectonic evolution and metamorphic history of the
terrain post-dating the emplacement of the arc.
The aim of this study was to understand the tectonic
evolution of the high-P granulites in Fiordland, and to
apply the results to a broader geological context that
involves the rates of processes in magmatic arcs, since
magmatic arcs represent the main mechanism by which
the Earth gains continental crust. Understanding them
is fundamental to our understanding of the Earth. In order
to do this, a detailed structural and metamorphic
investigation was made of the Arthur River Complex
and of contact relationships around the Western
Fiordland Orthogneiss. New structural relationships and
metamorphic assemblages presented here shed light onto
the tectonic evolution of the high-P granulites. In
particular, I have established that the arc rocks were
emplaced at middle to lower crustal conditions (P ≈ 7-9
kbar), buried to high-P metamorphic conditions (P ≈ 14
kbar), experienced partial melting, before cooling by T
≈ 200 oC at depth, and were finally exhumed along
ductile normal faults. Available geochronologic data
suggest that the time for the entire anticlockwise P-T
loop was less than 20 Ma.
Thesis outline
Field mapping and sampling was conducted in the
Fiordland national park during the summers of 1998-
2001. Analysis of structural data and petrology was
conducted at The University of Sydney. As each of the
papers that follow present a comprehensive overview
of the regional geology, it would be repetitive to present
that information again here. Paper I, “Cretaceous high-
P granulites at Milford Sound, New Zealand: their
metamorphic history and emplacement in a convergent
margin setting”, provides a useful introduction to the
high-P granulites in Fiordland and an overview of the
structural history of the Arthur River Complex. I am a
junior author on this paper and approximately 25% of it
can be credited to this thesis, as some of the data was
collected and analysed prior to me commencing my PhD.
It outlines the field relationships for four phases of
deformation (D1-D4) and presents mineral chemistry
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data, thermobarometry and thermodynamic modelling
to infer a P-T path for the high-P granulites. A major
conclusion reached in Paper I is that the protoliths of
the Arthur River Complex and Western Fiordland
Orthogneiss were emplaced at middle to lower crustal
conditions (P < 8 kbar) and were buried in the Early
Cretaceous by approximately 25 km of continental
crust. This P-T history reflects pronounced Early
Cretaceous convergence-related tectonism and burial,
most probably related to the collision and accretion of
island arc material onto the paleo-Pacific margin of
Gondwana.
Paper II, “Transformation of two-pyroxene hornblende
granulite to garnet granulite involving simultaneous
melting and fracturing of the lower crust, Fiordland,
New Zealand”, focuses on the fracturing (D2), veining
and development of the garnet reaction zones in
gabbroic gneiss of the Arthur River Complex. I am first
author on this paper and 100% of it can be credited to
this thesis. The second and third authors are my PhD
supervisors whose research grants funded the work and
who helped in preparation of the manuscript. The paper
presents descriptions of high-P partial melting textures
in dioritic gneiss of the Pembroke Granulite and infers
that melt segregation and transport was aided by
fracture propagation, a fundamental issue dealing with
melt escape from the lower crust. Melting, melt
segregation and subsequent melt migration is inferred
to have propagated a fracture network into adjacent
gabbroic gneiss. The migrating melt is inferred to have
scavenged water from the surrounding gabbroic gneiss
and induced the limited replacement of comparatively
low-P hornblende granulite assemblages by garnet
granulite. Major and trace element whole-rock
geochemical data indicate that recrystallisation in these
garnet reaction zones was mostly isochemical.
Paper III, “Evidence of Early Cretaceous collisional-
style orogenesis in northern Fiordland, New Zealand
and its effects on the evolution of the lower crust”,
examines deformation styles of high-P shear zones in
the Pembroke Granulite. I am first author on this paper
and 100% of it can be credited to this thesis. The second
and third authors are my PhD supervisors whose
research grants funded the work and who helped in
preparation of the manuscript. The garnet reaction
zones show a rectilinear pattern and these are used as a
grid of passive strain markers to conduct quantitative
kinematic analyses of the D3 shear zones. The paper
also presents evidence for high-P ductile thrust faulting
(D4) and concludes that the D3 shear zones evolved in
a sinistral pure-shear-dominated flow regime with a
kinematic vorticity number (Wk) of 0.69. D3 resulted in
subhorizontal, arc-parallel stretching and up to 60%
subhorizontal shortening in high strain zones. It is
inferred that D4 accommodated arc-normal
displacements. The distinctive kinematic styles suggest
that the oblique collision of the root of an arc with the
paleo-Pacific margin of Gondwana resulted in
partitioning of the arc-parallel and arc-normal
components of oblique convergence into sinistral strike-
slip and ductile thrust faults, respectively.
Paper IV, “The significance of kyanite and paragonite-
bearing assemblages, northern Fiordland, New Zealand:
rapid cooling at the lower crustal root of a Cretaceous
magmatic arc”, examines the range of metamorphic
assemblages that developed during D4 throughout the
Arthur River Complex. In particular, it focuses on
kyanite- and paragonite- bearing assemblages. I am first
author on this paper and 100% of it can be credited to
this thesis. The second and third authors are my PhD
supervisors whose research grants funded the work and
who helped in preparation of the manuscript. In the
Arthur River Complex, kyanite is found symplectically
intergrown with quartz and plagioclase. The kyanite
symplectites are cut by paragonite-bearing assemblages
that may or may not contain phengitic white mica. An
analysis of mineral chemistry, thermobarometry and
thermodynamic modelling suggests that the doubly
thickened root of the arc cooled by T ≈ 200 oC at high-P.
Comparatively rapid cooling of the root of the arc is
inferred to have been caused by juxtaposition of the hot
root with comparatively cold rocks of the adjacent
Darran Complex, following the tectonic burial and
underthrusting of the Darran Complex at the waning
stages of Early Cretaceous orogenesis.
Paper V, “Kinematic vorticity and the tectonic
significance of superposed mylonites in a major lower
crustal shear zone, northern Fiordland, New Zealand”,
examines the Anita Shear Zone, at the western boundary
of the Arthur River Complex. I am a junior author on
this paper and approximately 40% of it can be credited
to this thesis, as it was a pilot study completed for my
Bachelor of Science Honours degree in 1997. Extra data
was collected and further analyses were completed as
part of my PhD. The paper presents evidence for two
main phases of amphibolite facies deformation in the
Anita Shear Zone. Finite strain and kinematic vorticity
data collected using systems of plagioclase
porphyroclasts show that the Anita Shear Zone initiated
as a ductile normal fault (W
k
 = 0.84) at metamorphic
conditions involving P ≈ 12 kbar and T ≈ 600 oC. A
second phase of deformation involved mid-crustal
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dextral transpression (W
k
 = 0.54) at metamorphic
conditions involving P ≈ 9 kbar and T ≈ 600 oC. These
distinctive styles of deformation reflect extension and
crustal thinning during the Late Cretaceous rifting of
ancestral New Zealand from the paleo-Pacific margin
of Gondwana and latest Mesozoic or Cenozoic oblique
convergence respectively. (Note: the foliation referred
to as S4 in Papers I-IV is equivalent to S
1
ARC in this
paper.)
Paper VI, “Thermomechanical evolution of the crust
during convergence and mid-crustal pluton
emplacement in the Western Province of Fiordland,
New Zealand”, examines the intrusive relationships
between the Western Fiordland Orthogneiss and
Paleozoic paragneiss units at George Sound, and a fold-
thrust belt at Caswell Sound. I am first author on this
paper and 100% of it can be credited to this thesis. The
second and third authors are my PhD supervisors whose
research grants funded the work and who helped in
preparation of the manuscript. Diatexites that formed
in the contact aureole of the Western Fiordland
Orthogneiss at George Sound record emplacement
conditions of P = 7-9 kbar for the pluton. During and
following emplacement, thrusts preferentially
developed in crust that was thermally softened by
magmatism at Caswell Sound. Thrust faults cut the
contact aureole at Caswell Sound with granulite facies
thrusts near to and within the Western Fiordland
Orthogneiss and lower amphibolite facies thrusts more
than 500m from the pluton/country rock contact. These
thrusts form part of a two-sided fold-thrust belt that
represents the first structural evidence of Cretaceous
tectonic thickening via thrust faulting in western
Fiordland.
Paper VII, “Successive hydration and dehydration of a
high-P mafic hornfels involving clinopyroxene-kyanite
symplectites, Mt Daniel, Fiordland, New Zealand”,
describes symplectite textures from the Arthur River
Complex within the contact aureole of the Western
Fiordland Orthogneiss at Mt Daniel. I am first author
on this paper and 80% of it can be credited to this thesis.
The second author was an honours student at the time
and worked on some of the textures as part of his fourth
year research project. The third and fourth authors are
my PhD supervisors whose research grants funded the
work and who helped in preparation of the manuscript.
Garnet-clinopyroxene hornfels is inferred to have
developed in response to thermal metamorphism of
‘restitic’ material following partial melting of the Arthur
River Complex within the contact aureole. The hornfels
is partially to completely replaced by coarse-grained
symplectic intergrowths of hornblende and clinozoisite,
due to hydration at high-P. Narrow dehydration zones,
similar to the garnet reaction zones described in Paper
II, cut the hornblende-clinozoisite gneiss. In these
textures, hornblende and clinozoisite are replaced by
garnet, clinopyroxene and symplectic intergrowths of:
(1) clinopyroxene and kyanite; and (2) clinozoisite,
quartz, kyanite and plagioclase. The development of the
unusual symplectites was promoted by dehydration at
high-P.
The final paper (Paper VIII), “A method for applying
matrix corrections to X-ray intensity maps using the
Bence-Albee algorithm and Matlab”, presents a
technique for the matrix correction of maps of X-ray
intensities to produce maps of oxide weight using the
Bence and Albee (1968) algorithm for matrix correction
and MATLAB software. I am a junior author on this
paper and the geological application given in the paper
is from the high-P blueschists of northern New
Caledonia. However, this technique has been extensively
used in this thesis (Papers II, IV and VII) and I
contributed to the development, computer coding and
testing of the technique. Approximately 50% of Paper
VIII may be credited to this thesis.
